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There	  are	  two	  closely	  related	  aspects	  in	  electrodynamics	  in	  	  	  	  	  
heavy-‐ion	  collisions	  
1)	  Electromagne5sm	  as	  a	  probe	  to	  QGP	  
:	  Photon	  and	  di-‐leptons,	  or	  current	  spectral	  densi5es	  as	  one	  of	  
the	  fundamental	  proper5es	  of	  QGP.	  PHENIX/STAR	  photon	  and	  
dilepton	  flow/rate	  measurements	  and	  lots	  of	  theory	  and	  
numerical	  works	  	  -‐>	  	  A	  significant	  size	  of	  works	  and	  community	  
	  
2)	  Dynamical	  interplay	  of	  QCD	  strong	  dynamics	  and	  EM	  dynamcs	  
:	  Heavy-‐ions	  carry	  EM	  charge	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  so	  the	  interac5on	  
strength	  is	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  Not	  Negligible	  



The	  strength	  of	  EM	  fields	  are	  of	  
order	  	  
both	  electric	  and	  magne5c	  fields	  
	  
There	  are	  interes5ng	  fluctua5ons	  of	  
them	  

5−10mπ
2 ~ (0.5GeV )2

There	  are	  many	  interes5ng	  and	  fundamental	  physics	  
that	  can	  arise	  as	  interplay	  of	  QCD	  with	  EM	  
	  
1)  Chiral	  anomaly/chiral	  symmetry	  breaking,	  such	  as	  

Sphaleron	  physics	  (EW	  baryon	  genesis)	  
2)  Chiral	  Magne5c	  Effect/Chiral	  Magne5c	  Wave	  
3)  Flows	  affected	  by	  EM	  charge	  transports	  and	  EM	  

fluctua5ons	  	  
4)  Some	  low	  x	  fermionic	  partons	  may	  be	  highly	  

affected	  by	  a	  large	  EM	  charge	  	  
5)	  	  	  The	  physics	  is	  not	  fully	  explored	  yet	  !!!	  
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Summary	  
	  
1)  Flavor	  symmetry	  of	  QCD	  is	  an	  important	  ingredient	  of	  

QCD	  itself.	  Electrodynamics	  is	  a	  part	  of	  it	  
2)  Heavy-‐ion	  collision	  creates	  an	  interes5ng	  environment	  

where,	  not	  only	  QCD,	  but	  also	  QED	  and	  its	  interplay	  with	  
QCD	  can	  be	  relevant	  

3)  This	  will	  probably	  result	  in	  a	  synergis5c	  advancement	  in	  
our	  understanding	  of	  the	  physics	  of	  QGP	  

4)  Full	  fledged	  study	  on	  this	  can	  be	  one	  of	  promising	  
direc5ons	  in	  future	  research,	  both	  experimentally	  and	  
theore5cally	  

Implica5ons	  on	  RHIC/LHC	  
1)  Precision	  photon/di-‐lepton	  measurements,	  such	  as	  polariza5on	  

measurements	  will	  be	  valuable	  
2)  Charge	  conjuga5on	  odd	  (C=-‐1)	  observables	  :	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Sensi5ve	  to	  Z	  >	  0	  	  	  	  	  -‐-‐>	  	  	  	  Must	  be	  related	  to	  EM	  	  
3)	  	  	  	  	  	  	  	  	  versus	  	  	  	  	  	  	  	  	  difference	  can	  isolate	  EM	  interplay	  with	  QCD	  clearly	  pApA
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Dileptons and chiral symmetry restoration 

STAR
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• Chiral symmetry 

- Spontaneously broken in QCD vacuum 

� Imprinted on hadron spectrum 

- Restored at finite temperature

� Diagnose via hadron spectrum in medium

• HICs: in-medium ρ via low-mass dileptons

- Broadening/melting consistent with data

- Manifestation of chiral restoration?

• Need to test degeneracy with chiral partner (a1)

- Difficult to measure

• Theory required to unravel mechanisms



Sum Rules Analysis:

PLB 731 (2014) 103

• Search for in-medium a1 to satisfy both QCD and Chiral sum rules 

• Inputs
– ρ spectral function from Rapp, Wambach (99) 

( � dilepton experiments)

– Finite-T condensates from Lattice QCD / 
Hadron Resonance Gas

(RW) (RW)

(RW)(RW)

Relate ρ and a1 properties to QCD condensates

• Findings

– Mass splitting “burns off”

– Resonances “melt”

– Compatible with approach 

to chiral restoration

• Underlying mechanism?



ρ a1

• τ-decay data • τ-decay data

In progress: Hadronic Effective Theory
PRD89 (2014) 125013

Future tasks:

Implement (ρ, a1) in chiral Lagrangian as gauge bosons (“Massive Yang-Mills”)

• Preliminary in medium analysis 

supports a1 mass shift

• Full implementation of medium effects including baryons

• Need precise low-mass dilepton data at µq ~ 0 (RHIC/LHC)

Decisive progress in understanding chiral symmetry restoration achievable.

Calculate (ρ, a1) properties and chiral condensate in one microscopic framework:

• Achieved description of vacuum a1 spectrum

Vacuum Pion Gas



The	  Physics	  of	  Dilepton	  Measurements	  in	  A+A	  
low	  invariant	  mass	  (Mee<1.1GeV/c2)	  

–  study	  of	  ρ	  meson	  spectral	  func?on:	  
probe	  of	  chiral	  symmetry	  restora?on	  

–  emission	  rates	  depend	  on	  T,	  total	  
baryon	  density,	  and	  life	  ?me	  

intermediate	  mass	  (1.1	  <	  Mee	  <	  3	  GeV/c2)	  
– slope	  represents	  the	  average	  
temperature	  of	  the	  medium	  

A. ADARE et al. PHYSICAL REVIEW C 81, 034911 (2010)
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FIG. 25. (Color online) Inclusive mass spectrum of e+e− pairs in
the PHENIX acceptance in p+p collisions compared to the expecta-
tions from the decays of light hadrons and correlated decays of charm,
bottom, and Drell-Yan. The contribution from hadron decays is in-
dependently normalized based on meson measurements in PHENIX.
The bottom panel shows the ratio of data to the cocktail of known
sources. The systematic uncertainties of the data are shown as boxes,
while the uncertainty on the cocktail is shown as band around 1.

charm cross section, measured in p+p, σcc̄ = 567 ± 57stat ±
224syst µb [48], has been scaled by Ncoll (given in Table I).
For each centrality class, the data and the cocktail are
absolutely normalized. Each data set is compared with two
corresponding cocktail lines, shown in solid and dotted curves.
The difference between the cocktails is due to uncertainty in
the cc̄ contribution (see discussion below).

Unlike the p+p mass spectrum, the Au+Au mass spectra
show enhancement above the cocktail, in particular for the
LMR (0.15–0.75 GeV/c2). There is little enhancement for pe-
ripheral (60–92%) data, but very strong enhancement for two
most central classes (0–10% and 10–20%). The enhancement
increases rapidly with increasing centrality.

In order to quantitatively describe this enhancement, more
information is needed about other components that can
potentially contribute to the LMR, namely the open heavy
flavor and internal conversion of real direct photons. We
discuss them in the next sections.

B. Open heavy flavor contribution

The dilepton yield in the IMR is dominated by semileptonic
decays of charm hadrons correlated through flavor conser-
vation. Small contributions also arise from bottom hadrons
and Drell-Yan. For p+p data we determine the heavy flavor
contribution by subtracting the hadronic cocktail from the
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FIG. 26. (Color online) Inclusive mass spectrum of e+e− pairs
in the PHENIX acceptance in minimum-bias Au+Au compared to
expectations from the decays of light hadrons and correlated decays
of charm, bottom, and Drell-Yan. The charm contribution expected
if the dynamic correlation of c and c̄ is removed is shown separately.
Statistical (bars) and systematic (boxes) uncertainties are shown
separately. The contribution from hadron decays is independently
normalized based on meson measurements in PHENIX. The bottom
panel shows the ratio of data to the cocktail of known sources. The
systematic uncertainties of the data are shown as boxes, while the
uncertainty on the cocktail is shown as band around 1.

dilepton data. We integrate the subtracted yield in the IMR,
extrapolate to zero e+e− pair mass to get the entire cross
section, correct for geometric acceptance, and convert to a
production cross section using known branching ratios of
semileptonic decays [54]. Details of the analysis of the charm
cross section are reported in [38].

We find a rapidity density of cc̄ pairs at midrapidity:

dσcc̄

dy

∣∣∣∣
y=0

= 118.1 ± 8.4stat ± 30.7syst ± 39.5modelµb.

This corresponds to a total charm cross section of
σcc̄ = 544 ± 39stat ± 142syst ± 200modelµb, consistent with
previous measurement of single electrons by PHENIX
(σcc̄ = 567 ± 57stat ± 224syst µb) [48] and with a
fixed-order-plus-next-to-leading-log (FONLL) pQCD
calculation (σcc̄ = 256+400

−146µb) [78].
In Au+Au the dynamic correlation of c and c̄, which

is essential to determine the mass spectral shape, could
be modified compared to p+p collisions. The observed
suppression and the elliptic flow of nonphotonic electrons
indicates that charm quarks interact with the medium [6],
which should change the correlations between the produced
cc̄ pairs. We also note that the pT distribution for electrons
generated by PYTHIA [55] is softer than the spectrum measured
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(Nbin) to obtain the contribution in the Auþ Au collisions.
The systematic uncertainty on the cocktail is dominated by
the experimental uncertainties on the measured particle
yields and spectra. In particular, the large uncertainty in the
cocktail in the mass region of 0.15–1 GeV=c2 is mainly
attributed to the unmeasured low-pT η mesons and the
input charm cross section.
In Fig. 2(a), a comparison is shown between the hadronic

cocktail simulations and the efficiency corrected dielectron
yield in 200 GeV minimum bias Auþ Au collisions, in the
STAR acceptance range of pe

T > 0.2 GeV=c, jηej < 1, and
jyeej < 1. The hadronic cocktail simulations exclude con-
tributions from the ρ meson to avoid double counting when
compared to models. The ratios of our measured data
to the cocktail are shown in panel (b) of Fig. 2. Panel (c) in
Fig. 2 shows an expanded view of the excess mass
region with the cocktail subtracted. An enhancement of

1.77"0.11ðstatÞ"0.24ðsystÞ"0.33ðcocktailÞ is observed
when compared to the hadronic cocktail without the ρ
contribution in the mass region of 0.30–0.76 GeV=c2. This
enhancement factor, determined within the STAR accep-
tance, is significantly lower than what has been reported by
PHENIX [12]. We have compared the STAR and PHENIX
cocktail simulations and applied PHENIX azimuthal accep-
tance. We found that neither differences in the acceptance
nor the cocktail simulations can explain the difference in
the enhancement factor measured by the two experiments.
Also included in Figs. 2(b) and 2(c) are two theoretical

model calculations within the STAR acceptance: model I,
by Rapp et al., is an effective many-body calculation
[3,13,31]; model II, by Linnyk et al., is a microscopic
transport model—parton-hadron-string dynamics (PHSD)
[16,32,33]. Both models have successfully described the
dimuon enhancement observed by NA60 with a broadened
ρ spectral function due to in-medium hadronic interactions.
The models, however, failed to reproduce the dielectron
enhancement reported by PHENIX [12,32]. Compared to
our data in the mass region below 1 GeV=c2, both models
describe the observed dielectron excess reasonably well
within uncertainties. Other theoretical model calculations
can also reproduce the dielectron excess at low mass
in our measurement [34,35]. Our measurements disfavor
a pure vacuum ρ spectrum for the excess dielectrons
(χ2=NDF ¼ 26=8, where NDF is the number of degrees
of freedom, in 0.3–1 GeV=c2) .
We integrated the dielectron yields in three mass regions:

0.30–0.76 (ρ-like), 0.76–0.80 (ω-like) and 0.98–1.05 (ϕ-
like) GeV=c2, and present the centrality and pT dependence
of the ratios of data to cocktail within the STAR acceptance
in Figs. 3(a) and 3(b). The cocktail calculation can repro-
duce the dielectron yields in the ω-like and the ϕ-like
regions. The ratios to cocktail in the ρ-like region show a
weak dependence on the number of participating nucleons
(Npart) and pT . Both models show excesses comparable
to the data in the centrality and pT regions investigated.
Figure 3(c) shows the integrated yields scaled by Npart for
the ρ-like with cocktail subtracted, the ω=ϕ-like without
subtraction as a function ofNpart. The ω=ϕ-like yields show
a Npart scaling. The dashed curve depicts a power-law fit
(∝ Na

part) to the Npart scaled ρ-like dielectron excess with
cocktail subtracted, and the fit result shows a¼0.54"0.18
(statþ uncorrelated syst), indicating that dielectrons in the
ρ-like region are sensitive to the QCD medium dynamics,
as expected from ρ medium modifications in theoretical
calculations [31,36].
Figure 4 shows a comparison of the invariant mass

spectra between 0%–80% minimum bias and 0%–10%
most central Auþ Au collisions. Both spectra were scaled
by Npart in Fig. 4(a), and the ratios of the two scaled spectra
are presented in Fig. 4(b). Horizontal bands on the right
side depict the Npart and Nbin scaling. We note the
following. (i) The dielectron production starts with the
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FIG. 2 (color online). (a) eþe− invariant mass spectrum fromffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV Auþ Au minimum bias (0%–80%) collisions
compared to a hadronic cocktail simulation. The vertical bars on
data points depict the statistical uncertainties, while the systematic
uncertainties are shown as gray boxes (smaller than the marker).
(b) Ratios to cocktail for data and model calculations [31,32].
Green bands depict systematic uncertainties on the cocktail.
(c) Mass spectrum of the excess (data minus cocktail) in the
low-mass region compared to model calculations. Green brackets
depict the total systematic uncertainties including those from
cocktails. Systematic errors are highly correlated across all data
points.
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� pTe > 0.2 GeV/c, |Ke| < 1, |Yee| < 1

� Cocktail + Model contributions consistent 
with Data as a function of Mee & pTee
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Recent	  Progress:	  RHIC	  Beam	  Energy	  Scan	  
Ø  Temperature	  dependence	  of	  the	  ρ	  spectral	  func?on	  

–  Ini?al	  state	  and	  temperature	  evolu?on	  is	  different	  
•  broadened	  spectral	  func?on	  describes	  e+e-‐	  excess	  from	  

top	  RHIC	  energy	  at	  200	  GeV	  down	  to	  SPS	  energies	  at	  
19.6	  GeV	  
Ø  beam	  energy	  range	  where	  final	  states	  are	  similar	  

•  Npart	  dependence	  as	  an	  another	  knob	  
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Npart scaling in the π0 and η dominant region and then rises
towards the Nbin scaling at ∼0.7 GeV=c2. This can be
explained by the hadronic medium ρ contribution, which
is expected to increase faster than Npart [31,36], and the
contribution from correlated charm which, if not modified,

should follow the Nbin dependence. Possible charm decor-
relation has negligible impact in this mass region. (ii) In the
mass region of 1–3 GeV=c2, the ratio between the central
and minimum bias spectra shows a moderate deviation
from the Nbin scaling (1.8σ deviation for the data point at
1.8–2.8 GeV=c2). We have used two extreme scenarios to
model the charm decay dielectron pairs: The dashed line in
Fig. 4(a) depicts the PYTHIA calculation with charm corre-
lations preserved; the dotted-dashed line assumes a fully
randomized azimuthal correlation between charmed hadron
pairs, and pT the suppression factor on the single electron
spectrum from RHIC measurements is also included [37].
The difference in themass region 1–3 GeV=c2, if confirmed
with better precision, would constrain the magnitude of
the de-correlating effect on charm pairs while traversing
the QCD medium and/or possible other dielectron sources
(e.g., QGP thermal radiation) in this mass region from
central Auþ Au collisions.
In summary, we present STAR measurements of dielec-

tron production inAuþ Aucollisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
The dielectron yields in the ω and ϕ mass regions are well
described by the hadronic cocktail model while yields at
higher mass, 1–3 GeV=c2, can be understood as mostly
fromdecay leptons of charmpairs. In the0.30–0.76 GeV=c2

region, however, there exists a clear excess over the hadronic
cocktail that cannot be explained by a pure vacuum ρ. This
enhancement is significantly lower than what has been
reported by PHENIX. Compared to the yields in the ω
and ϕ regions, the excess yields in the ρ region exhibit
stronger growth with more central collisions. Theoretical
model calculations that include a broadened ρ spectral
function from interactions with the hadronic medium can
describe the STAR measured dielectron excess at the low
mass region.
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STAR,	  PRL	  113	  022301	  (2014)	  

mass	  ranges	  
A=	  ρ-‐like	  
B=ω-‐like	  
C=φ-‐like	  



Ruan/Rapp	  at	  BNL-‐RIKEN	  TPD’14	  Future	  Prospects	  …	  
BES	  Phase	  1:	  	  19.6	  –	  200	  GeV	  
•  Dilepton	  emission	  dominant	  in	  TC	  region	  and	  

constant	  baryon	  density	  
Ø  emission	  propor?onal	  to	  life?me	  
	  
BES	  Phase	  2:	  7.7	  –	  19.6	  GeV	  
Ø  Life	  ?me	  +	  baryon	  density	  dependence	  of	  the	  

ρ	  spectral	  func?on	  
Ø  Probe	  	  
Down	  to	  FAIR	  energies	  

–  CBM,	  HADES	  
•  probe	  life?me,	  total	  baryon	  density,	  and	  

temperature	  dependence	  
At	  SPS:	  proposed	  NA60+	  
•  overlap	  with	  RHIC	  and	  FAIR	  	  	  

…	  &	  Needs	  
•  Include	  dimuon	  measurements	  
•  Improve	  charm	  measurements	  
•  Improved	  sta?s?cs	  

Ø RHIC	  BES	  Phase-‐2	  
LRP@Temple	  -‐-‐	  9/13/14	   Frank	  Geurts	  (Rice	  Univ.)	   3	  
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So#	  photon	  measurement	  
~present	  and	  future~	  

•  So#	  photons	  =	  photons	  not	  from	  decay	  from	  
hadrons	  or	  hard	  sca5ering	  
–  Emission	  strength	  (rate)	  reaches	  to	  the	  heart	  of	  

the	  microscopic	  interac;ons	  in	  the	  medium	  
–  inverse	  slope	  closely	  related	  to	  temperature	  

profile	  and	  radial	  flow	  

•  Provide	  unique	  informa;on	  but	  historically	  
always	  took	  significantly	  longer	  ;me	  to	  measure	  
than	  other	  QGP	  signals	  

•  Measurement	  methods	  
–  Calorimetric	  measurement	  	  of	  real	  photons	  

•  Limited	  precision	  at	  low	  pT	  

–  e+e-‐	  external	  conversion	  
•  Precise	  down	  to	  very	  low	  pT,	  but	  requires	  huge	  

sta;s;cs	  
•  Only	  proven	  way	  to	  access	  yield/flow	  below	  1GeV/c	  

–  e+e-‐	  internal	  conversion	  
•  important	  cross-‐check,	  but	  needs	  sta;s;cs	  and	  has	  

an	  irreducible	  lower	  limit	  in	  pT	  

Takao	  Sakaguchi	  (BNL)	  
with	  Gabor	  David,	  Ralf	  Rapp	  and	  Lijuan	  Ruan	  

arXiv:1405.3940	  	  
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Direct	  photon	  spectra	  in	  Au+Au	  and	  p+p	  



(GeV/c) 
T

p0 1 2 3 4 5

0

0.1

0.2

0.3
P.R.C 84, 054906(2011)
P.R.C 84, 054906(2011)
PHSD model
arXiv:1308.6568

Direct photon v2, 20-40%

(GeV/c) 
T

p0 1 2 3 4 5

0

0.1

0.2

0.3
arXiv:1404.3714

/s=0.08ηarXiv:1403.7558:MCGlb&
/s=0.20ηarXiv:1403.7558:MCKLN&

Direct photon v3, 20-40%

Recent	  status	  and	  results	  
•  Experimental	  side	  

–  Measurement	  of	  spectra	  has	  been	  performed	  
down	  to	  pT=0.5GeV/c	  

–  Inverse	  slope	  of	  the	  spectra	  is	  220MeV,	  which	  is	  
consistent	  with	  virtual	  photon	  analysis	  

–  v2/v3	  has	  been	  measured	  
•  v3	  is	  posi;ve.	  Hydrodynamical	  process	  is	  dominant	  

(magne;c	  field	  effect	  has	  v3=0)	  

•  Theore;cal	  side	  
–  Large	  v2	  (build	  up	  in	  the	  later	  stage)	  has	  not	  been	  

consistent	  with	  large	  yield	  (build	  up	  in	  early	  
stage)	  

–  Recent	  works	  suggested	  that	  the	  high	  effec;ve	  
temperature	  come	  from	  around	  Tc	  plus	  blueshi#.	  
•  Phys.	  Rev.	  C	  84,	  054906	  (2011)	  
•  Phys.	  Rev.	  C	  89,	  044910	  (2014)	  

–  Hadron-‐gas	  interac;on	  is	  a	  non-‐negligible	  
contribu;ons	  to	  the	  rates	  

–  Maybe	  strongest	  emissivity	  around	  Tc	  
–  Yield/v2	  puzzle	  is	  converging?	  

Phys.	  Rev.	  C	  89,	  044910	  (2014)	  
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Direct	  photon	  v2	  in	  Au+Au,	  20-‐40%	  

Direct	  photon	  v3	  in	  Au+Au,	  20-‐40%	  

Inverse	  slope	  vs	  photon	  producIon	  Ime	  



Future	  prospects	  and	  needs	  
•  Precise	  measurement	  of	  both	  spectra	  and	  vn	  are	  

essen;al	  for	  understanding	  photons	  origina;ng	  
from	  the	  medium	  
–  e.g.	  recently	  it	  turned	  out	  that	  the	  vn	  ra;os	  help	  

•  Future	  measurement	  
–  Temperature	  and	  flow	  from	  both	  photons	  and	  

intermediate	  mass	  dileptons	  
–  Running	  at	  other	  cms	  energy	  may	  help	  (62GeV,	  

etc.)	  
•  Rate	  and	  flow	  give	  another	  constraint	  to	  models	  

–  HBT:	  the	  only	  "foolproof”	  way	  to	  get	  pre-‐
equilibrium	  size	  and	  shape,	  also	  (at	  lower	  qT),	  the	  
safest	  way	  to	  get	  the	  size	  of	  the	  medium	  

•  Photon	  measurement	  is	  extremely	  difficult	  
–  Due	  to	  the	  experimental	  challenge,	  it	  took	  longer	  

to	  meet	  the	  required	  precision	  (historically	  true	  
for	  all	  photon-‐related	  experiments)	  

–  Need	  more	  ;me	  and	  detailed	  study	  of	  photon	  
produc;on	  à	  should	  be	  carried	  onto	  the	  next	  
genera;on	  research	  

•  A	  theorist’s	  comment:	  a	  realis;c	  emissivity	  (rate)	  
is	  certainly	  as	  important	  as	  a	  realis;c	  space-‐;me	  
evolu;on.	  

SPS 6-18 GeV�

BES I�

NA60�

BES II�

RHIC top�

LHC�

HADES 
�Av

er
ag

e 
te

m
pe

ra
tu

re
 o

f m
ed

iu
m
�

centrality�

QGP 
turn off?�

lifetime +  
Total baryon  

density  
�

lifetime  
+ 

 total baryon  
density  

+ 
temperature� lifetime effect�dN

ex
ce

ss
di

le
pt

on
/d

y/
(d

Nc
h/

dy
)�

Collision energy!�

Collision energy!�

FAIR 
�

L.	  Ruan,	  TPD2014	  workshop	  

2014/09/15	   T.	  Sakaguchi@QCD	  Town	  mee;ng	   3	  

Lines:	  arXiv:1403.7558	  [nucl-‐th]	  

Direct	  photon	  
and	  π0	  v2/v3	  in	  
Au+Au,	  0-‐20%	  

T	  vs	  √s	  

Dilepton	  excess/(dN/dy)	  vs	  √s	  



Upsilon Measurements with sPHENIX

Anthony Frawley
Florida State University

QCD Town Hall Meeting
Temple University

September 15, 2014
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Quarkonia as a probe of the QGP

Charmonia and bottomonia mesons allow us to
probe the QGP on length scales comparable 
with their radii. 

The comparison between RHIC and LHC 
J/ψ modifications is very striking.  At LHC, so
many charm pairs that coalescence dominates!

Nice physics! But we cannot directly compare
melting at RHIC and LHC temperatures 
because different mechanisms dominate.

2

Charm pairs in 
central Pb+Pb 
collision

Wednesday, September 10, 14



                                      Upsilons 

Upsilons have the advantages that:
• All 3 states seen simultaneously via dilepton decays.
• Coalescence not large at RHIC or LHC. 
• Range of radii from 0.28-0.78 fm.

Directly compare melting at 200 GeV and 2.76 TeV on 
3 states of very different size.

CMS data show dramatic suppression of 2S and 3S 
states in Pb+Pb at 2.76 TeV.  The data will 
improve hugely by Run 3 (~2023). 

For this model (Strickland	  and	  Bazow,	  N.P.	  A879:25	  	  2012	  (&	  
private	  comm.)	  the Υ(1S) data already constrain η/s. 

We lack a measurement at RHIC energy with the 
ability to tightly constrain model parameters. 
sPHENIX can generate such measurements. 

3

Wednesday, September 10, 14



Upsilon measurements with sPHENIX

Some simulation estimates for Upsilon mass
spectra (0-20% central Au+Au, 1 year run) 
- with and without background.

The statistical precision expected for the RAA 
is illustrated below (assuming η/s = 2/(4π)).

 

4

Signal only

Signal + corr. bkg + 
uncorr bkg (subtracted)

Theory curves - M. Strickland, 
private communication

√sNN=200 GeV

Wednesday, September 10, 14
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Heavy Flavor Physics with the ALICE Upgrade
Inner Tracking System
Higher resolution (~3x)
Lower material (~1.14%→~ 0.3%)
Improve efficiency (10%→60% at 100 

MeV/c) and p
T
 resolution at low p

T

Fast readout (>50kHz)
Improve impact parameter resolution ~3x

Time Projection Chamber
Replacement of MWPCs with GEMS
New readout electronics
Fast readout (3.5 kHz→50kHz)

~100x better statistics vs  Runs 1 & 2 for min bias measurements
~10x better statistics vs Runs 1 & 2 for triggered measurements

Computing
Data rate increases 100x → online 

reconstruction and calibration
Fast calibration procedures (50 kHz)
Continuous track reconstruction
Greater code optimization
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Heavy flavor energy loss
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Charm in jets Baryon/meson ratio

D v
2Low mass di-leptons
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ALICE Upgrade allows
● Precision heavy flavor RAA

● With separation of c, b
● Heavy flavor jet quenching
● Heavy flavor baryon/meson ratio
● Low mass di-leptons
● Improved low pT reach



Rosi Reed 

Summary of the 3rd Workshop on 
Jet Modification in the RHIC and 

LHC Era @ Wayne State University 
An unordered, unprioritized summary 

 
Town Hall Meeting 



Address the important fundamental questions of 
"how" and "why” partons lose energy in the QGP 

•  Understanding of how to model the bulk is under control (via hydro 
coupled to hadronic cascade) and there has been significant progress in 
our understanding of quenching 

•  Jet quenching measurements at RHIC and LHC provide 
significant constraints on the partonic Eloss mechanisms  
•  Will be used towards a standard formulation of Eloss in the QGP 

•  Not yet at the precision stage wrt to the bulk formulation 
•  Where does the “lost” energy go? 

•  Important to constrain models and in their coupling with the medium  
•  Missing pT measurements at the LHC  
•  RHIC measurements via Jet Geometry Engineering  
•  Advances towards medium & jet energy conservation simultaneously 

in MC needed! 
•  T dependence of the QGP coupling -> Near Tc Enhancement? 

•  Needs complementary LHC and RHIC measurements 
Rosi Reed - Wayne State University 



•  Length scale via interaction hardness (Q2) 
•  What are we scattering off? 

•  point-like at LHC —> lower energy jets at RHIC? 
•  quasi-particles, fields <=> Microscopy of the QGP 
•  qhat vs. ehat with RHIC/LHC temperature lever arm 

•  RHIC 
•  STAR will continue its jet program (medium-term)  
•  sPhenix increased capabilities will allow a direct comparison to the LHC 

•  High luminosity will allow data collection without imposing online 
trigger “biases” allows full exploration of “Jet Geometry Engineering” 

•  Increased precision in the long-term are needed to map out T evolution 
•  Could the different densities/associated time evolution of different 

collision systems allow access to different effective temperatures than 
centrality or √sNN variations with respect to quenching? 

•  LHC 
•  Allows precision jet measurements 
•  New jet observables: Jet(sub-) structures will allow access to well defined 

QCD observables: Jet shapes, jet mass, multi-jet, etc 

Rosi Reed - Wayne State University 



• Major theory milestone is the formulation/implementation 
of most theoretical Eloss variants in MC form 
•  Allows details of the experimental jet definitions to be reproduced  

•  LHC run 2+3  will provide precision measurements and 
unprecedented kinematical reach 
•  Direct photon/Z measurements provide the cleanest access to the 

parton kinematics in heavy-ion collisions 
• RHIC steeply falling partonic spectrum can be used as an 

advantage towards Jet Geometry Engineering 
•  High rates of sPhenix are needed for unbiased measurements required 

for the baseline 
•  High pT, high statistics gamma-jet measurements will allow clean 

access to parton kinematics 
•  There is a need to formulate a framework which allows direct 

comparison of measurements and full-event MC simulation 
•  Lisbon Accord -> Rivet 
•  Analytical/1st principles calculations and advances are needed towards a text-

book formulation 
Rosi Reed - Wayne State University 



‐h, Jet‐h, & h‐h Angular Correlations at pT = 10‐20 GeV/c
• Far from obsolete, good ole two  “particle” angular () correlations should continue to be 

employed in jet studies and could fill in a hole in accessible jet energies in the next decade
• Consistent with the idea of probing wider length scales by going to as low of Q2 as possible, 

these measurements are the most promising way to access the jet trigger  pT’s between 
~10‐20 GeV for both RHIC and LHC

– “Full” full jet reco becomes difficult in this pT region; want h unrestricted by found AS jet axis
– 2‐p methods well proven and will gain sufficient statistics in the next 5‐10 years to precisely study 

this whole pT region including ‐h, eventually overlapping  “full”  jet reco studies at the high end
– Interpretation of Eloss effects should still be clean from softer process contamination above 10 Gev

• These studies will continue to yield constraints and offer another rich opportunity  into the 
sPHENIX era at RHIC

ANNOUNCEMENT: 
RHIC/AGS Open Forum Meeting

DNP Fall Meeting   Hilton Waikoloa Village 
Oct 9th 2‐6 pm     (DNP Town Meeting Oct 8th)

Open to input, will be forum for more opportunities like this—short 
presentations/discussion aimed at Long Range Plan

9/13/2014
Justin Frantz – Ohio University – Temple Town Mtg 14
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Current Progress and Status

JHEP 1107 (2011) 076

CMS

• PHENIX and STAR Direct Photon‐Hadron Correlation Results  
trigger/jet pT 5‐~15  GeV

• STAR Jet‐h results Ejet = 10‐~15 GeV
• RHIC measurements nicely qualitatively consistent, e.g. 

showing enhancement of low z  

• h‐hmostly lower pT < 10 GeV focused on vn measurements 
(RHIC too)

• Jet‐h (e.g. CMS  ||	 , FF’s ) & h‐h data at higher Ejet > 20 GeV
• ‐h / h‐h :  2.76  current data statistics enough? ‐‐ needs more 

analyzers?

• Jet MC’s should be reliable, at least for yields above fragment 
“thermalization” scale

• Renk:  Eloss constraints from 2‐p (even h‐h) competitive if not 
better than jet reconstruction observables

RHIC

LHC

Theory

QM
‘14

QM
‘14

9/13/2014 Justin Frantz 2
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Future Prospects and Needs
• Understanding of low hadron pT flow contributions continually improves 
• Raising hadron pT slightly (~2 GeV/c) makes remaining systematic small for trigger pT > 10
• Less biased studies of angular locations of lost energy by reducing need for a reconstructed 

jet to be found   (jets at this energy may be even more severely modified so e.g. no usable AJ)

• RHIC Increased luminosity already from 2014/2016 running: establish beginning of precision 
measurements in this pT region

• Further lumi increases during sPHENIX era should allow more differential constraints e.g. 
“event engineering”,  PID hadron correlations, including reco‐jet information, etc.

• One easily demonstrable scenario for STAR/sPHENIX coexistence:  STAR focuses on similar 
measurements but using its strengths like PID.  STAR interest seems there.  sPHENIX ‐h 

• As with more jet‐reco focused observables, there is a need to make common measurements 
at both LHC and RHIC – these are good, simple candidates, in addition to jet reco observables

• LHC Jet//h – hadron correlations in Pb+Pb without reconstructing 2nd jet axis  feasible!
• Direct photon‐hadron results  needed from all LHC experiments
• 5.5 TeV LHC data    ‐‐ LHC Analyzers!

• Combining with the planned jet reco studies at higher Q^2 : allows for more complete 
coverage of jet energies into lowest energy region—more insurance for  sPHENIX era how 
and why goals.

9/13/2014 Justin Frantz 3



Effec%ve	  Theory	  for	  Precision	  Jet	  Physics	  in	  HIC	  
Beyond	  the	  Energy	  Loss	  Approach	  

¡  The	  most	  important	  recent	  advance	  
(~5y)	  in	  the	  area	  of	  hard	  probes	  in	  HIC	  is	  
the	  development	  of	  the	  theory	  of	  jet	  
produc>on	  and	  modifica>on	  and	  the	  
related	  experimental	  measurements	  	  

¡  Within	  the	  energy	  loss	  framework,	  systema>c	  
improvements	  in	  the	  precision	  of	  the	  theory	  are	  very	  
difficult	  or	  impossible	  	  	  	  	  

-‐  Has	  provided	  first	  insights	  in	  to	  the	  transverse	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
longitudinal	  structure	  of	  in-‐medium	  parton	  showers	  

-‐  Has	  elucidated	  the	  rela>ve	  significance	  of	  collisional	  and	  radiatve	  
energy	  loss	  	  

-‐  Has	  helped	  constrain	  the	  coupling	  between	  the	  jets	  and	  the	  medium	  
and	  provided	  insight	  into	  the	  nature	  of	  the	  QGP	  quasipar>cles	  

-‐  Advances,	  however,	  are	  essen>al	  to	  guide	  the	  jet	  physics	  programs	  at	  
RHIC	  and	  the	  LHC	  and	  interpret	  the	  results	  



Current	  Status	  
¡  Effec>ve	  theory	  of	  jet	  propaga>on	  in	  maQer	  –	  SCETG	  (soT-‐
collinear	  effec>ve	  theory	  with	  Glauber	  gluons)	  
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-‐  SCET	  has	  been	  extremely	  successful	  in	  advancing	  jet	  physics,	  one	  of	  the	  
areas	  (together	  with	  heavy	  flavor)	  where	  significant	  progress	  in	  QCD	  occurs	  	  	  

-‐  SCETG	  was	  developed	  to	  include	  the	  jet-‐medium	  interac>ons	  (G)	  
-‐  Was	  applied	  to	  the	  transverse	  momentum	  broadening	  of	  partons	  
-‐  Full	  set	  of	  medium-‐induced	  collinear	  spliXng	  kernels	  beyond	  the	  soT	  gluon	  

approxima>on	  obtained.	  Gauge-‐invariance	  and	  factoriza>on	  established	  	  	  
-‐  Result	  for	  O(αs

2)	  in-‐medium	  spliXng	  func>on	  relevant	  to	  NNLO	  

¡  First	  applica>on	  to	  inclusive	  
par>cle	  produc>on	  

-‐  Established	  the	  connec>on	  to	  the	  
energy	  loss	  approaches	  

-‐  Allowed	  to	  reliably	  quan>fy	  the	  
uncertainty	  (~5%)	  in	  the	  extrac>on	  of	  
the	  jet	  medium	  coupling	  from	  inclusive	  
observables	  
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Future	  Prospects	  
¡  Unified	  treatment	  of	  “vacuum”	  and	  “in-‐medium”	  parton	  
showers	  and	  a	  common	  vernacular	  for	  HEP,	  NP	  	  

Advances	  in	  precision	  pQCD	  calcula%ons	  of	  jet	  observables,	  
including	  resumma%on	  and	  higher	  perturba%ve	  orders	  must	  be	  a	  
top	  priority	  for	  theory	  and	  the	  field	  

-‐  Understand	  the	  soT-‐Glauber	  interac>ons	  
and	  power	  correc>ons	  

-‐  Apply	  the	  unified	  parton	  shower	  picture	  to	  
jet	  observables,	  including	  jet	  cross	  sec>ons,	  
jet	  shapes	  and	  fragmenta>on	  func>ons	  

-‐  Significant	  improvement	  expected	  for	  more	  
exclusive	  observables,	  di-‐jets	  and	  photon-‐
tagged	  jets.	  Heavy	  flavor	  observables	  	  

Significant	  
differences	  

-‐  Achieve	  higher	  resummed	  accuracy	  for	  jet	  observables	  in	  heavy	  ion	  
collisions,	  next-‐to-‐leading	  logarithmic	  accuracy	  (NLL)	  and	  combine	  with	  
higher	  order	  calcula>ons	  (NLO)	  

-‐  When	  combined	  with	  improved	  theory	  of	  CNM	  effects,	  fully	  characterize	  
the	  in-‐medium	  parton	  shower	  and	  the	  proper>es	  of	  the	  QGP	  	  



Calculating Jet Transport 
Coefficients in Lattice QCD

Abhijit Majumder
Wayne State University

QCD town hall meeting, Temple University,  Sep 15th 2014
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Why should we do this?
1) A first principles calculation of Jet modification would  
  calculate the q and e in each unit cell given temperature.

2) Will allow a test of transverse momentum dependence   
   of the exchange interaction via    moments of q. 

3) Will allow for a study of T dependence of q and e.

4) Will allow an independent arena to test jet quenching in 
   a thermal bath. Search for other transport coeffs

5) Once suitably interfaced with a jet MC can continue 
   this study past the lifetime of RHIC and LHC

k?

^ ^

^

^ ^
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How it can be done?

physical 

Q̂ =
4⇡2↵s

Nc

Z
d4yd4k

(2⇡)4
eik·y 2(q�)2p

2q�

hM |F+?(0)F+
?,(y)|Mi

(q + k)2 + i✏
.

I1 =
I

dq+

2⇡i

Q̂(q+)
(q+ + Q0)

Q0 q+complex plain

q̂ = Im(Q̂)

For Q0 ~ -Q, can Taylor expand Q in terms of local operators^

I1=
4
p

2⇡2↵shM |F+µ
?

1P
n=0

⇣
�q·iD�D2

?
2q�Q0

⌘n
F+
?,µ|Mi

Nc2Q0
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What can be done?
Calculated in 

quark less SU(2) 
gauge theory.

scale answer up by 
Nc and Nf

q̂(T = 400MeV) = 1GeV2/fm� 2GeV2/fm

Need extension to full QCD.
Attempt a calculation of e

Carry out E-by-E simulations with a MC shower
with q taken from lattice calculation

Can also study e-by-e fluctuations of q 

^

^
^

A.M. Phys. Rev. C87 (2013) 034905, 
Nucl.Phys. A904-905 (2013) 965c, 
Nucl.Phys. A910-911 (2013) 367.
X. Ji,  Phys. Rev. Lett. 110 (2013) 262002
M. Panero et al., Phys.Rev.Lett. 112 (2014) 162001 
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Strategy: Utilize direct photons (γdir-jet) at forward rapidity y~3.3-5 (x~10-6)

!

!
! 3!

dependence while the efficiency for a non-direct photon to be incorrectly identified as a direct photon 
is ~3-4% (96-97% rejection).  These numbers correspond to the direct photon discrimination achieved 

with cluster pair invariant mass rejection, 
FoCal-E isolation and shower shape 
analysis.  Including isolation using hadronic 
energy in the FoCal-H improves the signal 
to background ratio by about another factor 
of 2-3 at low Q2 and is imperative at large Q2 
to suppress the contribution of 
fragmentation photons. 

The FoCal direct photon performance has 
been simulated with GEANT3 using the full 
ALICE setup and PYTHIA for pp collisions at 
14 TeV. Studies were made at both the z = 
4 m and z = 8 m locations. To quote some 
sample performance figures for 4>η>3 at z 
= 4 m, and taking 4<pT<10GeV/c to focus on 
the interesting low Q2 region, the efficiency 
for direct photons to be correctly identified is 
in the range of 75% with very little pT 
dependence while the efficiency for a non-
direct photon to be incorrectly identified as a 
direct photon is ~3-4% (96-97% rejection).  
These numbers correspond to the direct 
photon discrimination achieved with cluster 
pair invariant mass rejection, FoCal-E 
isolation and shower shape analysis.  
Including isolation using hadronic energy in 
the FoCal-H improves the signal to 
background ratio by about another factor of 
2-3 at low Q2 and is imperative at large Q2 to 
suppress the contribution of fragmentation 
photons. !
Furthermore the FoCal measures jets and 
direct photons in the forward phase space 
allowing to correlate them with the recoil jet 
reconstructed in the central barrel of the 
current ALICE setup. The complete suite of 
possible measurements includes inclusive 
photons or jets in the forward region, Jet-Jet 
(forward-forward), γ-Jet (forward-forward), 
Jet-Jet (forward-central) and γ-Jet (forward-
central). The unique kinematic phase space 
covered in this setup will also provide new 
precision measurements to advance our 

understanding of QCD processes in this so far unexplored kinematic regime. In addition, these 
measurements will provide new input to study partonic energy loss in the QGP, a cornerstone of the 
ALICE heavy-ion physics program. The unique and new physics enabled by the FoCal upgrade is 
precision measurements to study the onset and properties of cold QCD matter in the gluon saturation 
regime and the predicted Color Glass Condensate (CGC).  The theoretical interpretation of Saturation 
and CGC signals will have to contend with substantial model uncertainties, so a combination of 

Figure 2:  Phase space in x versus Q2 covered by 
various measurements and detectors/colliders. 
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Figure 11: Phase space as a function of x and Q

2 for high-energy collisions as
estimated from leading-order kinematics. Shown is the kinematic reach for p+A
collisions at the LHC and the region studied by DIS and Drell-Yan on nuclei as
well as in d+Au collisions at RHIC [1]. Indicated is also the region studied with
isolated photons and jets by CMS (currently in p+p), and estimates of the reach
of direct photon measurements in LHCb and with the FoCal detector upgrade in
ALICE. An estimate of the saturation scale Q

2

s

as a function of x is shown as the
yellow band.

1.3 The physics case for a forward electromagnetic
calorimeter in ALICE

The measurement of direct photons and neutral mesons (⇡0, ⌘, etc.) at
forward rapidity in a broad transverse momentum range will give access to
unique physics signals in pp, pA and AA collisions at the LHC. As can be
seen in Figure 11, existing DIS and DY measurements are limited to values
of x > 10�2, and measurements in d+Au at RHIC should allow to reach to
values up to x ⇡ 10�4, albeit for very low Q

2 only. Measurements at LHC
have the potential to extend the kinematic reach significantly. Already mea-
surements of isolated photons and jets at high transverse momentum around
mid-rapidity will provide important additional constraints, as indicated for

13

!!One!FoCal!Pixel!
  (Green dot) 

Pair!of!decay!photons 

Figure 3 Comparison of the LHCb Shashlik tower size 
with individual FoCal pixels. A pair of photons from π0 
decay is superimposed 

!

Study the low-x gluon structure (nuclear PDFs, CGC) in a new
kinematic regime (small x and low Q2) at the LHC (>LS2/3 2020+)

FoCal-E: High-granularity EMCal* (decay photon rejection > 95%) 
FoCal-H: HCal (improved isolation and added full-jet capabilities) 
 *Compact silicon-tungsten (Si/W) sampling electro- magnetic calorimeter with longitudinal segmentation.

!

!
! 2!

isolated photons and merging decay photons from neutral pions.  Note that the Molière Radius 
of Tungsten is 9 mm so the Si pixel layers allow a very precise imaging of the electromagnetic 
shower. In addition to high resolution imaging of electromagnetic showers, we will exploit 

isolation to preferentially 
select direct photon 
candidates as opposed to 
photons (usually decay 
photons) embedded in jets.  
Isolation cuts can be based 
on the energy deposited in 
the vicinity of a photon 
candidate in the FoCal-E itself 
(this is mostly electro-
magnetic energy) and 
hadronic energy deposited in 
the FoCal-H along the 
trajectory of the candidate 
photon. 

Our preferred preliminary 
Integration design consists of 
the very fine granularity, W-Si 
electromagnetic calorimeter 
backed by a hadron 

calorimeter, located outside the L3 magnet at a distance of about 8 m from the ALICE 
interaction region.  This option would allow high precision direct photon and jet measurements 
in the rapidity range of y~3.3 - 5.4, probing values as low as ∼10-6. An alternate plan, which comes 
at lower integration cost, has the Focal-E located just inside the ALICE magnet and Focal-H just 
outside the ALICE magnet.  This or similar configurations move the rapidity coverage about one unit 
lower with the corresponding reduction in the range of Bjorken-x reach compared to the 8 m position. 
Figure 1 shows a conceptual drawing of a possible configuration with Focal-E and Focal-H integrated 
at approximately 8 m from the interaction point. Studies are underway to evaluate the impact of the 
beam-line related material budget in front of the detectors in this location to determine the largest 
possible rapidity that can be explored.  

In the coming weeks and months, the FoCal group will work to resolve the best integration plan, seek 
LHCC approval and prepare a project TDR.  Test beam activities (discussed below and in the LOI) 
are underway to evaluate and optimize the FoCal-E design.  The FoCal-H design is based on the 
AGS E-864, Pb/Scintillating Fiber hadron calorimeter which was designed and built at Wayne State 
University (NIM A406(1998) 227) based on the SPACAL concept developed at CERN (R. Wigmans, 
Nucl. Instr. and Meth. A 256 (1988) 273).  This is a very well compensated hadron calorimeter which 
is well suited for the high energies encountered in the FoCal acceptance. 

III.  The FoCal Detectors: Performance and Physics Case 

In the brief format of this document, it is impossible to do justice to a discussion of FoCal simulated 
performance so we will focus on a few of the main results. More extensive studies and details can be 
found in the current version of the FoCal LOI: https://aliceinfo.cern.ch/system/files/documents/focal-
loi-1-0-31-jan-2013.pdf. Of course, of all the things Focal will measure, the most important and most 
challenging is the forward direct photon measurement. The FoCal direct photon performance has 
been simulated with GEANT3 using the full ALICE setup and PYTHIA for pp collisions at 14 TeV. 
Studies were made at both the z = 4 m and z = 8 m locations. To quote some sample performance 
figures for 4>η>3 at z = 4 m, and taking 4<pT<10GeV/c to focus on the interesting low Q2 region, the 
efficiency for direct photons to be correctly identified is in the range of 75% with very little pT 

Figure 1: Installation FoCal at 8m location with FoCal-H detector included. 8m

ALICE 

ALICE has 
“real estate” in 
the forward region!



Joern Putschke, Future Low-x Opportunities at the LHC: ALICE FoCal, Town Meeting 2014  

Physics Performance* (p+Pb and Pb+Pb)

2

Expect excellent γdir (RpPb) capabilities 
at y~4-5 at low Q2
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Figure 1: Integrated yield estimates above a p
T

cut-o↵ pmin

T

in Pb+Pb 0-
10% central collisions at

p
sNN=5.5 GeV. Upper panel: Inclusive jet and �

dir

for di↵erent ⌘ bins. Lower panel: Jet-Jet and �
dir

Jet coincidence rates at
forward-forward (F-F) and forward-midrapidity (F-M) (|⌘| < 0.7).

2

1 FoCal Jet Rates

To estimate the kinematic reach and integrated yields for �
dir

and jet pro-
cesses in the Focal+HCal we utilized Pythia 6.4 [1] simulations at the par-
tonic level1. The rates are calculated for p+p, p+Pb (at

p
sNN=7 GeV) and

Pb+Pb 0-10% central collisions at
p
sNN=5.5 GeV assuming the integrated

luminosities as shown in Table ??. The integrated yield estimates above a
p
T

cut-o↵ pmin

T

is shown for Pb+Pb 0-10% central collisions as an example
in Fig. 1 upper panel. From that we estimate the kinematic reach, defined
by requiring 1k events for p

T

> pmin

T

, for inclusive jet and �
dir

production
at 3< ⌘ <4. The kinematic reach for all systems is summarized in Table 1.

System
p
s [TeV] pmax

T

[GeV ] �
dir

pmax

T

[GeV ] Jet

p+p 14 35 110

p+Pb 8.8 40 120

Pb+Pb (0-10%) 5.5 60 130

Table 1: Kinematic reach pmax

T

[GeV ] defined by a minimum integrated yield
of 1k at 3< ⌘ <4.

Analogous we estimate the kinematic reach for coincidence measure-
ments �

dir

-jet and jet-jet at forward rapidities (F-F) (integrated over ⌘ =
3 � 5) and forward�mid-rapidity (F-M, |⌘| < 0.7))2, shown for Pb+Pb 0-
10% central collisions in Fig. 1 lower panel, and summarized for all systems
in Table 2.

System
p
s [TeV] Coincidence pmax

T

[GeV]
Type �

dir

-Jet Jet-Jet

p+p 14 F-M 20 > 100
F-F 30 70

p+Pb 8.8 F-M 20 > 100
F-F 30 70

Pb+Pb 5.5 F-M 50 > 100
(0-10%) F-F 50 80

Table 2: Kinematic reach pmax

T

[GeV ] defined by a minimum integrated yield
of 1k for �

dir

-jet and jet-jet at forward-forward rapidities (F-F) (integrated
over ⌘ = 3� 5) and forward�mid-rapidity (F-M) coincidences.

1Pythia simulations including a jet-finding algorithm and comparisons to NLO calcu-
lations will be performed in the near future.

2For these rate estimated we assumed 2⇡ at mid-rapidity (|⌘| < 0.7). For the present
EMCal/DCal azimuthal coverage the rates will be reduced by a factor of approximately
4-5. The current rates would reflect coincidence measurements with charged only jets in
the TPC.

1

4.6 Physics Performance Summary

In the preceeding Sections, we have shown the expected performance of the FoCal
detector for direct photon measurements. At high p

T

, where the signal fraction
(ratio of direct photons to all non-direct-photon clusters) is close to unity or even
above 1, the uncertainties on the measurement are driven by the uncertainty on
the photon detection e�ciency, which can be expected to be about 5% or better.
At lower p

T

, the signal fraction decreases and the measurement becomes more
challenging. The measurement becomes impossible when the signal fraction be-
comes 0.05 or lower, which is the expected uncertainty of the decay background
estimate.

With FoCal-E we can reject up to 97% of the decay photon background using
a combination of ⇡

0 rejection and isolation cuts, thus improving the signal fraction
by a factor of ⇡ 20. This enables the measurement of direct photons at lower p

T

,
from p

T

⇡ 5 GeV/c. The exact p

T

reach at low p

T

depends critically on the direct
photon production rates, which have a rather large uncertainty in this range, see
Section 4.1.1. We have also explored the performance of FoCal at two di↵erent
positions: at 4 m and 8 m location.
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Figure 60: Simulated measurement of the nuclear modification factor RpPb for
inclusive direct photons 3 < ⌘ < 4 (left panel) and 4 < ⌘ < 5 (right panel)
using the prediction from a gluon saturation model as input (see Fig. 9. The grey
bands indicate the expected systematic uncertainties, using signal fractions from
PYTHIA (light gray) and JETPHOX (dark grey)

The implication of the FoCal performance for a measurement of the nuclear

73

γdir
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Figure 9: Nuclear modification factor for direct photons for pPb collisions at 8.8
TeV at the LHC. Predictions for the gluon saturation model from [17] are compared
to di↵erent calculations for isolated photons in NLO pQCD using JETPHOX with
the EPS09 PDF sets. The blue shaded area indicates the uncertainty associated
with the di↵erent error sets of those PDFs, while the orange band is an estimate
of the systematic uncertainty of the CGC calculation.

the observation of this transition from agreement with the predictions of pQCD at
high pT , to a disagreement, which transitions to an agreement with the saturation
predictions, at some low pT reflecting Qs, with the transition occurring at larger pT

(larger Qs) as the rapidity of the measurement increases, reflecting the decreasing
x (as per Eqs. 2 and 8).

Gluon saturation will very likely be visible through its e↵ect on jet production,
or on hadrons as jet fragmentation products. However, in addition to the di�culty
to relate the measured kinematic variables of the final state to those of the initial
state, strongly interacting probes have the additional disadvantage that they are
likely to be a↵ected by final state interactions in cold nuclear matter. This po-
tential problem is illustrated with recent results from the PHENIX collaboration
shown in Fig. 10. The nuclear modification factor for direct photons in central
Au+Au collisions (right) shows no deviation from unity, indicating that no initial
(or final) state nuclear e↵ects are present. On the other hand, the nuclear mod-
ification factor for neutral pions in d+Au collisions (left) shows a suppression at
high transverse momentum. Since initial state e↵ects should be similarly present in
d+A and A+A collisions, the suppression of RdA for hadrons suggests the presence
of final state modifications. This indicates that initial state e↵ects will be more
di�cult to extract and interpret from jet or hadron measurements, in comparison

16

Combing γdir-jet and jet+jet measurements 
allows to study the evolution in x and Q2, map 
out the onset, and explore the properties of 
QCD matter in the saturation regime.

Pb+Pb: γdir-jet and jet+jet at forward and mid-
forward rapidity allows to study partonic 
energy loss over a wide kinematic range

 *Simulations with “final” design (EMCal and HCal) and proposed beam-pipe/structure modifications are ongoing!

p+Pb

Pb+Pb
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ALICE has “real estate” at forward rapidity!

Future forward detector upgrade (ALICE FoCal) would 
provide timely (>LS2/3 2020+) and complementary low-x 
physics opportunities for the US Physics Community!

Comprehensive γdir-jet and jet+jet 
measurement program at forward 
rapidities in p+p and p+Pb at the 
LHC allows to study the evolution 
in x and Q2, map out the onset, 
and explore the properties of QCD 
matter in the saturation regime.



The	  Importance	  of	  a	  New	  Forward	  p+A(A+A)	  Program	  
at	  RHIC	  and	  Its	  Impacts	  on	  Future	  e+A	  Physics	  

	  

Cesar	  da	  Silva	  and	  Ming	  Liu	  	  
(Los	  Alamos)	  	  

•  Key	  Physics	  QuesGons	  
–  Parton	  propagaGon,	  energy	  loss	  and	  hadronizaGon	  in	  CNM	  	  
–  CNM	  and	  QGP	  effects	  in	  Forward	  rapidity	  in	  p+A	  and	  A+A	  
–  ModificaGon	  of	  parton	  distribuGons	  inside	  the	  nucleus	  	  
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CriGcal	  to	  have	  p+A,	  beVer	  kinemaGcs	  and	  precision.	  
With	  e+A,	  fully	  explore	  the	  iniGal	  and	  final	  state	  dE/dx	  	  
and	  other	  CNM	  contribuGons	  to	  QGP	  effects	  in	  A+A	  	  

RHIC	  

I.	  Vitev	  PRC	  75,	  064906	  (2007)	  

Rich	  Forward	  CNM	  Physics	  in	  p+A:	  p+A	  	  	  	  	  	  e+A	  	  ≠

DIS:	  e+A	  

Drell-‐Yan:	  p+A	  

Significant	  compeGng	  CNM	  effects	  in	  the	  	  
forward	  rapidity	  parGcle	  producGons:	  
	  

1)	  Cronin;	  2)High-‐Twist	  shadowing;	  	  3)E-‐Loss;	  4)	  SaturaGon	  	  
R.B. Neufeld et al. / Physics Letters B 704 (2011) 590–595 591

Fig. 1. Neutral pion suppression in minimum bias d + Au collisions at y = 4 at
RHIC. Theoretical calculations that include known nuclear matter effects are shown.
A complete simulation gives a good description of the experimental data.
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Here, C R is the quadratic Casimir in the fundamental and ad-
joint representations for quarks and gluons, respectively, λg is the
gluon mean free path of O(1 fm) and αs is the strong coupling
constant. In this Letter we refer to the soft interactions with typ-
ical transverse momentum transfers squared ξ2 ∼ 0.1 GeV2 for
quarks prior to the large Q 2 scattering as initial-state. Similarly,
the soft interactions after the hard scattering are described as
final-state. We emphasize that such separation is only possible
if ξ2 A1/3 " Q 2. We will only be interested in lepton pair pro-
duction of invariant mass squared M2 = Q 2 ! 10 GeV2, which
is compatible with this constraint. Finally, we point out that the
ξ2 dependence in Eq. (2) is implicit through κLPM , the over-
all suppression factor relative to the incoherent Bertsch–Gunion
bremsstrahlung.

The differential medium-induced bremsstrahlung spectrum can
be expressed as a solution of an inhomogeneous recurrence rela-
tion with suitably chosen boundary conditions [12]. These bound-
ary conditions differ for initial-state and final-state energy loss and
the results will be correspondingly different. Final-state interac-
tions and Eq. (3) have been investigated in detail, for example
see [2–5]. Let us now focus on Eq. (2). Our starting point is the
integral form for the double differential medium-induced gluon
bremsstrahlung spectrum [12]:
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In Eq. (4) k is the transverse momentum of the gluon relative to
the direction of the parent parton, k+ is its large lightcone momen-
tum and q is the momentum transfer from the nuclear medium.
The formation time of the gluon τ f = k+/k2 in comparison to the
size of the medium L determines the degree of the destructive in-
terference between the Bertsch–Gunion radiation and the radiation
from the hard scattering. Let us focus on k+ ∼ E+ and recognize
that when τ f " L and k varies, the phase factor sin(L/τ f ) oscil-
lates rapidly and averages to zero. One is left with the first term in
the integrand of Eq. (4), which is the incoherent medium-induced
bremsstrahlung:
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In the opposite limit τ f $ L for k+ ∼ E+ we can expand the sine
function to lowest order and obtain:
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Note that the overall multiplicative coefficients {· · ·} in Eqs. (5)
and (6) have to be evaluated numerically with the relevant kine-
matic cuts specified in Ref. [12]. In the coherent regime the co-
efficient also reflects the destructive interference effect between
the bremsstrahlung associated with the soft scattering and the
bremsstrahlung associated with the large Q 2 process and can
be numerically small. As the energy of the parent parton in the
rest frame of the large nucleus grows, the approximation for
!Erad.

initial-state given by Eq. (6) becomes more relevant. This is the
basis for the advocated energy and path length dependence in
Eq. (2).

Of course, there are always parts of the emitted gluon phase
space (k+,k) that are not compatible with simple approxima-
tions. For this reason, we first evaluate the fully differential
bremsstrahlung spectrum numerically from Eq. (4), as described
in [12]. From Eq. (1) in the small energy loss limit we can then
quote a radiation length:

X0 = LE
[∫

dk+
∫

d2kk+ dN g(E, L)

dk+ d2k

]−1

. (7)

To summarize, for final-state interactions, the destructive Lan-
dau–Pomeranchuk–Migdal (LPM) interference leads to a change in
the functional form of radiative energy loss. Eq. (3) does not al-
low for a natural definition of a radiation length and implies that
the experimentally observable effects are limited to relatively small
quark and gluon energies. In contrast, even if the LPM suppres-
sion factor κLPM ∼ 1/10 in Eq. (2), !Erad.

initial-state retains some of
the characteristics of incoherent bremsstrahlung, see Eqs. (4), (5)
and (6). For this reason, initial-state energy loss can also signif-
icantly affect experimental observables in heavy ion collider ex-
periments of much higher

√
sN N [13,19,20]. Furthermore, Eq. (2)

implies that the stopping power of cold nuclear matter for par-
tons prior to a hard Q 2 $ Λ2

QCD scattering can be characterized by
a radiation length X0 defined in Eq. (7). One can see parametri-
cally from Eq. (2) that X0 is expected to be of O(10 fm–100 fm) —
the shortest radiation length in nature, ten orders of magnitude
smaller than the radiation length of high-Z materials, such as
tungsten, for electrons.

The Drell–Yan process in heavy ion collisions1 — q + q̄ → γ ∗ →
l+ + l− at leading order (LO) — is an ideal probe of initial-state
effects. The final-state particles do not interact strongly with the
nuclear medium, providing a relatively clean experimental sig-
nature. Still, definitive separation of leading-twist shadowing ef-
fects [21–23] and parton energy loss [12,24–27] has so far proven
challenging [28,29]. In no small part this difficulty arises from
the fact that the very same Drell–Yan data in proton–nucleus

1 In this Letter we will use the term heavy ion collisions to describe both p + A
and A + A hadronic reactions at relativistic energies.
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the functional form of radiative energy loss. Eq. (3) does not al-
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cally from Eq. (2) that X0 is expected to be of O(10 fm–100 fm) —
the shortest radiation length in nature, ten orders of magnitude
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l+ + l− at leading order (LO) — is an ideal probe of initial-state
effects. The final-state particles do not interact strongly with the
nuclear medium, providing a relatively clean experimental sig-
nature. Still, definitive separation of leading-twist shadowing ef-
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Why	  Explore	  QGP	  in	  Forward	  Rapidity?	  
•  Longitudinal	  expansion	  of	  QGP,	  least	  explored	  	  

–  Expect	  different	  mix	  of	  CNM	  and	  QGP	  
–  Hadrons,	  Drell-‐Yan,	  Jets	  etc.	  in	  eta	  up	  to	  ~	  4.	  
–  RAA,	  Vn,	  CorrelaGons	  in	  large	  rapidity	  	  
–  Many	  interesGng	  puzzles	  in	  forward	  rapidity	  pA	  &	  AA	  

•  Scaling	  of	  “v2”	  in	  the	  forward	  rapidity,	  why?	  	  
–  LiVle	  energy	  dependence,	  from	  20GeV	  to	  2.8	  TeV	  
–  Is	  Hydro	  flow	  the	  only	  source	  of	  Vn?	  Other	  physics?	  

•  Strong	  energy	  dependence	  of	  Rcp	  
–  Believed	  due	  to	  different	  mix	  of	  CNM	  and	  QGP	  

effects,	  same	  at	  large	  rapidity?	  
–  Important	  for	  QCD	  CriGcal	  point	  search	  

fsPHENIXforward	  

A	  proposed	  new	  EIC	  detector	  at	  RHIC	  
with	  forward	  physics	  capability	  	  

9/9/14	   Ming	  Liu,	  QCD	  Townhall	  2014	   3	  
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Forward	  Transverse	  Spin	  Physics	  Proposal	  at	  RHIC	  
-‐1	  <	  eta	  <	  4	  

9/9/14	   Ming	  Liu,	  QCD	  Townhall	  2014	   5	  

Detector Concept Magnet System

Figure 2.1: A schematic view of combined sPHENIX/fsPHENIX detector systems, showing
the location of vertex tracker (a reconfigured FVTX), intermediate tracker (GEM), HCal,
MuID, and piston field shaper in the forward region.

pipe to shape the magnetic field near the beam axis, see Figure 2.2. One possible choice
for a large saturation point material for such a field shaper could be an alloy with a large
concentration of cobalt. For example, the material HIPERCO-50 with a 49%Co+49%Fe
composition saturates at 2.25 Tesla.

Figure 2.2: The magnetic piston field shaper surrounding the beam pipe. The tungsten
saw-tooth ring structure is also shown, as a possible upgrade to the baseline design to absorb
the background from the particles shower within the piston material.

17

p	   p/A	  

Clearly	  isolate	  and	  measure	  	  
Sivers-‐like	  and	  Collins-‐like	  effects	  in	  p+p	  

Key	  capabiliGes:	  
-‐	  Jet	  with	  Cal.	  
-‐	  Tracking	  



A common denominator in heavy-ion physics analyses is the need 
to distinguish between fi nal state effects expected from the QGP 
from those inherent to the nuclei themselves. Thus, the nature of 
the initial state is one of the most important questions in 
relativistic heavy-ion physics.  This would naturally provide 
insights into the crucial role played by gluons in the nuclei.

 

My group seeks to tackle these questions by using a novel 
approach that consists in studying ultra-peripheral heavy-ion 
collisions (UPC) to probe the nucleus. This will be carried out 
by studying quarkonia and jet production with CMS at LHC

Daniel Tapia Takaki        Long Range Plan meeting         September  2014

The nature of the 
initial state 

UPCs are cleaner probes of nPDFs
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Recent results by my group 
From pQCD at L0 (Ryskin 1993) 

Daniel Tapia Takaki        Long Range Plan meeting         September  2014

Direct evidence of nuclear 
gluon shadowing 

Three recent publications:

Phys. Lett. B718 (2013) 1273-1283
Eur. Phys. J. C73 (2013) 2617

http://arxiv.org/abs/arXiv:1406.7819 

No change on the proton gluon 
density between HERA and LHC 
energies  
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Future plans at CMS  

Daniel Tapia Takaki        Long Range Plan meeting         September  2014

● Initial state shadowing can be effectively separated in UPCs 
● Hadronic background is highly suppressed 
● Excellent triggers and detector capabilities

Future analyses in UPC Pb-Pb: 

● Upsilon production in UPC Pb-Pb

● Dijets and heavy-flavor jets in UPC 
Pb-Pb 

● In addition, UPC p-Pb allow us to study 
gp collisions → gluon saturation 

UPC studies at LHC: insights that will 
be important as the US electron-ion 
collider facility is developed.
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pp: 
God Given  = (n)pQCD 

AA: 
‘Hot Matter’ 

modifications (“RAA”) 

pA: 
CNM modifications 



                .. and then came the 'Ridges' 
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 pPb 5 TeV 

pp 7 TeV 

 with ALL the bells and whistles of elliptic flow (pp, pPb, dAu) 
 collective (v2{4}=v2{6}=v2{n}), v2, v3, right amplitude, f(b, m, pT),  

 other nontrivial similarities in e+e-, pp, pA, AA  
 (quasi)thermal particle ratios, flow-like pt spectra, growing HBT radii 
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Small systems are no longer 'for comparison' only 
Completely new frontier for hot/dense matter QCD 
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 Challenge: measure (expt) & understand (theory) 
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 Challenge: measure (expt) & understand (theory) 
 emergence of dense collective matter properties in small systems 

 Opportunity: (literally) adds new dimension (size) 
 study not only density f(dN/dy, T, √s), but also size f(r) 
 both ideal liquid flow & energy loss consequence of dense sQGP 
 pA: large flow (v2), no jet quenching (RpA=1)??? 
    => not only density, also size matters ! 
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 Challenge: measure (expt) & understand (theory) 
 emergence of dense collective matter properties in small systems 

 Opportunity: (literally) adds new dimension (size) 
 study not only density f(dN/dy, T, √s), but also size f(r) 
 both ideal liquid flow & energy loss consequence of dense sQGP 
 pA: large flow (v2), no jet quenching (RpA=1)??? 
    => not only density, also size matters ! 
 smaller systems => finite size/lifetime effects 

 see the dynamics at work, rather then (equilibrated) thermodynamics 
 Hyperons in pA: sequential strangeness saturation (Λ, Ξ, Ω)???  
 

the old paradigm is no 
longer tenable ! 

Small systems are no longer 'for comparison' only 
Completely new frontier for hot/dense matter QCD 

dAu 200 GeV 



.. towards a new Paradigm ?? 
  How to respond to these latest revelations  ? 
 Coherent  new set of measurements & theoretical interpretation   
 vary not only density (dN/dy, √s), but also geometry (r, different AB collisions, incl. pp !!) 
 small systems (incl. pp) are an integral part of the dense matter (QGP) physics 
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Common and coherent experimental & theoretical approach to   
 soft QCD  

from MB pp/e+e-  to central AA, with pA the bridge in between 
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Common and coherent experimental & theoretical approach to   
 soft QCD  

from MB pp/e+e-  to central AA, with pA the bridge in between 
 

maybe solve a few longstanding mysteries along the way.. 
definitely adds plenty of productive & exciting exp + theo work to our field # 

(#)  ceterum censeo:  
We should presumably also change the name of 
our field from 'Heavy Ion' collisions to … 

RHIC vital & absolutely unique  (QCD machine) 
to explore this new science opportunities    

 dAu, 3HeAu, pA (A=12C, … 197Au ??), pp (high dN/dy) 
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